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NuMI Off-Axis v_ Appearance Experiment

Long-baseline neutrino oscillation experiment
L =810 km

Oscillations at atmospheric regime

NuMI beam produced at Fermilab | | -
v, and Vu beam modes g :

(—) (—)

vV, 2V, oscillations

Two detector experiment

Near Detector (Fermilab, IL)
Measure beam before oscillations

Far Detector (Ash River, MN)
Measure oscillated beam

Comparison reduces systematics
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Physics Goals

3 Categories of Physics Topics

Accelerator v Oscillation Physics
Uses Near and Far Detectors

Accelerator v Near Detector Physics
Cross-sections

Non-accelerator Physics
Supernova v
Monopoles

Gregory Pawloski — University of Minnesota
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<N Physics Goals of NOvVA
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3 Physics Goals

Measure elements of PMNS matrix

v, 1 0 0 / Ci3 0 545 e_iacp\ cp S Offv,

v, |= 0 ¢y 5n 0 | 1 0) —sp cp 0],

v 0 —s5,5 Coxp \—SB e’ 0 C 13 / 0 0 1/\v,
Notation: c,,=cos(0,), s =sin()

Matrix parameterized by 3 angles (6., 0 ) and 1 CP-violating phase (0)

13? 623
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3 Physics Goals

Measure elements of PMNS matrix

€ 0Gue Hlen s o)y

Ve

VIJ = O 1 O _S12 CIZ O V2

v, CwdDo @ Lo o iy,
Notation: c,,=cos(0,), s =sin()

Matrix parameterized by 3 angles ( 0 ) and 1 CP-violating phase (0)

122 13’ 23

NOvVA will make measurements of:
0.0 and o

137 7232
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Increasing

Mass

Physics Goals

Determine the Mass Hierarchy

Mass Eigenstates Mass Eigenstates
V; I vV,
A ]
Vv, O
v ] V; I
Normal Hierarchy Inverted Hierarchy
Weak Eigenstates

v, VN V.
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What's Known

Nonzero 0, discovered this year

Observed in reactor v_ disappearance

é

Improved Measurement of
Electron-antineutrino Disappearance

Rate Analysis

Estimate 8, using measured rates in each detector.

Uses standard ? approach.

Far vs. near relative measurement.
1

Consistent results obtained by

Evidence 1n accelerator v_appearance

I
NEUTRINO 2012@ Kyoro, June Sth

NEW Results ﬁ()m_.I_Zﬁ

8. Summary

i g e e
In 2011, 6 *electron neutrino appearance” candidate events were
observed (p-value=0.007), which clearly indicated 01320.

This year J-PARC resumed operation and T2K restarted physics data
taking with ~190kW [maximum 2006W] beam power afier recovering from
the Great East Japan Earthguake of March 2011

independent analyses, ifferent _— e R
at Daya Bay | . . reactor flux models. o o Based on 2.56x 102 POT collected by May 2012, a toral of 10 “electron
T. Nakaya for the T2K collaboration no appearance” candidate events were observed. 2011 resulis are
BNL) EHt EH2 e
olla 095 Most preci e
ost precise o p-value=0.0008 (3.20)
e ook measurement of
XXV International Conferer 5in?28,, to date. o sin2015=0.104 N for Amn?=24x10-€V2, dcp=0, Or3=/4
Jun 02 04 06 08 1 12 14 16 18 2
Ky ‘Weighted Baseline (km] o The systematic error is now at the level of 10%
5in?20,; = 0,089 * 0.010 (stat)  0.005 (syst) o We find Evidence for “Electron Neutrino A rance”, which opens the
window to access CP violation in the lepton secior.
1 3
e
— 7 o
Definitive Measurement of 0,, " Nue Appearance Am>
1.5] = MINOS Best Fit |
s Contours pny
sin® 26, =0.113£0.013(stat.) £0.019(syst.) T 4 WorcL
w25 = r— . 0 at 06% ©
& + .90 significant signal Now disfavour 050 at 965, C.L.
ol for normal hierarchy, écy=0
El 0.5
15[ |
o ] + Using the reactor best fitas a
P prior our data has a slight P = -
E
i preference for inverted
i T S hierarchy with -2AInL=0.20 am? <0
sin 20, 150 3
O Neif detector ] « Mook experiment studies show 10.610% POT v.mode
098] 1.2% reduction that the correct hierarchy is E qof 3310 POT v-mode
oseE - favoured in 60% of experiments ~ “©
outl Far detector:
3 % reduotion PR s
o (oA TN | Now -
o R PRELIVINARY
0.0, ooty i T a0 Ryan Nichol Ea 04 o1 0Z o3 o4
Weighted Baseline [m] g . - g
55 14m05 8 evmo 2072y . 25in(20,.)sin%).

Double Chooz new results

i NOTE:

Inafit, datasetis divided
" into two periods based on
reactor power (next slide)

Double Chooz Results

sl “L Preliminary

A,
Masaki Ishitsuka (Tokyo Inst. Tech.)

— omopincd rcactor measurciments
ey o conwenceon | rcoony:  awz0,,- 170 1035000 20080050 Slnz( 2613) — 0098 ) + 00 1 31

Rate+Shape:  sin?20,,= 0.109 0.030(stat) £0.025(syst)
x2/dof = 41.13/35
| $in?28,, = 0 is excluded at 99.9%(3.10 ) (frequentist study) 25

reat news for NOVA experiment!
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6 Physics Goals —v_Appearance

Measure v — v_appearance
1] e

Leading order probability (in vacuum)
/ P(v —v,) = sin’20 , sin’0 ;sin*A \

—q sin2913 sinESCP sin2€)12 sinZO23 AsinAsinA

+ o sin2613 COSSCP sinZO12 sin2623 ASInAcosA

\ o=Am’ /Am’ A= Am*, L/(4E) /
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6 Physics Goals —v_Appearance

Measure v — v_appearance
1] e

Leading order probability (in vacuum)
/ P(v —v,) = sin“26 , sin’0,;sin*A \

—q sin2€)13 Sin o sin2€)12 sinzO23 AsinAsinA

+ OLsinZG)13 COS O sinZO12 sin2€)23 ASInAcosA

\ o=Am’ /Am’ A= Am*, L/(4E) /

Appearance probability 1s sensitive to:
0., 0, octant of 0,

13°
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Physics Goals —v_Appearance

Measure v — v_appearance
1] e

Leading order probability (in matter)

sin“(A—1)A
23 (A_ 1 )2

/P(vu—we) =~ sin”20 , sin°0

SINAA sin(A— 1 )A

— o stO13 sméiCP sm2€)12 51112623

+ o s1n2€)13 (:038CP stO12 sm2623

~

A (A-1) SInA
sinAA sin(A—1)A cosA
A (A—1)

47 Am? /Am?, A=Am?, L/(4E)  A=GnL/(\2A) .

NOVA over a very long baseline (810 km)
A lot of electrons for v_to interact with

Matter effects alter probability

Sensitive to
Mass Hierarchy

Gregory Pawloski — University of Minnesota




6 Physics Goals —v_Appearance

Measure v — v_appearance
1] e

Leading order probability (in matter)

, , sin“(A—1)A
/P(vu—we) = sin*20 , sin’0_, (A-1) \

. . . . inAA sin(A—1)A
Oa sin26 . sinod ., sin20  sin20, SH; ((A— 1)) SInA
' sin(A—1)A
+ asm2h  coso ., sn20 sin2923sniﬁA ((A— 1)) COSA

47 Am? /Am?, A=Am?, L/(4E)  A=OGnL/(\2A) .

Sign flip forvand v NOVA Run Plan
Constrain parameters more by 3 year v
contrasting probablity for vand v 3 year v
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7 Physics Goals — A Disappearance

Measure VoV, disappearance

Leading order probability
P(v—v)=1- sin*(20 ,)sin*(1.27Am* L/E)

Measurements
|A111232
sin*(20,)

Potentially determine if 6, 1s non-maximal

Gregory Pawloski — University of Minnesota



N How NOVA will work
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Powerful Beam

Accelerator and NuMI Upgrades
Taking the NuMI source from ~350 kW to 700 kW

Year-long accelerator shutdown underway (since May 1)

Turn Recycler from antiproton to proton ring

Shorten Main Injector cycle from 2.2 seconds to 1.33 seconds
Overhaul of NuMI target station for 700 KW running
Water cooling upgrades for higher power

Beam to return Spring 2013.
Six month ramp-up to 700 kW.

NOVA is at 14 mrad off-axis
angle producing a narrow
E_spectrum at 2 GeV

v, CC events / kton / 10*' p.o.t. / 0.2 GeV

80

70
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50

40

30

20

NuMI off-axis event spectra

7 mrad

14 mrad

21 mrad
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Extruded PVC cells filled with
11M liters of scintillator
instrumented with
A-shifting fiber and APDs

-,

‘f._frh.'

32-pixel APD
e

Fiber pairs
from 32 cells

ﬁ-

NOVA Detectors

A NOvVA cell

To APD —_

w3 09s1

Far detector:

Near detector: A\

14-kton, fine-grained,
low-Z, highly-active
tracking calorimeter
340, 000 channels

77% active by mass \ j

0.3-kton version of 4decm x 6cm
the same

18, 000 channels

Gregory Pawloski — University of Minnesota
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X, = 38 cm (6 planes longitudally, 10 cells transversely)

Event Topologies

« proton i # + p ///
----__-:I EHEE N h«r i .
Muop ™" ="--- i W
BT =l Michel e
R EE R I R EE R LLE - B Ill._
= ------El_-:i ,U!l
X
e+p ///
E -..E EH o /
!'--. = h i b
s howe, ==+~ W
TE TeeT
Vs
= 0 X+aV
m+p
il il
g&‘p* -'!'l-_.Enll N 7
. Hznw‘“u
(simulated events with 2 GeV visible) Vi
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11 Far Detector Construction Underway

Block Pivoter
Stands Block Up
Moves 1t to end of hall

1* Block installed September 10"
5 blocks up as of Dec 6"

Began filling modules with scintillator
Dec 11" (over 10k to go...)

B\ =n
&
.Vr'\

Block Zero Installed
Sept_ember 10, 2012

e

Gregory Pawloski — University of Minnesota



<N NOVA Sensitivities
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12 Schedule

; May 2014
- ! R Mar 2014
(d R Dec 2013
AL July 20435512013
April 2013° Y

Beam returns Spring 2013
Beam Off Reaches 700 kW 6 months later

Gregory Pawloski — University of Minnesota
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mass (kton)

(kton MW)
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NOVA early reach

Schedule

Exposure assumptions
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Six months to 700 kW NuMI
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14 Sensitivity with Time

NOV A early reach

T.u;inI{EHI_,}:{].{H}S, sin’(20,,)=1.00, §=0 (ver: Apr 2012

s : ' | Signal efficiency: 45%

6 - s NC fake rate: 0.1%
E - P =AmT>0
g F F et Ami<0 5 -
E :]:_ T P TEEPPTTET . .‘.‘. .............. ~ Event Ylelds
5 L i L ]
g ,F - 6 year Run Plan
o F - beam=vV V
‘E 3 AT = NC 19 10
5 E E v,cC 5 <1
ER - v,CC 8 5
S F ]
Y ; - tot.BG 32 15

”Zl 1 | ‘E. I: | 1 1 | | | | | /| | L1 1 |: vﬂ_}ve 63 32

- v/ o o . o ;

U Y U U 5 U “5 U

x?::};f ‘i-.fj‘{? “ﬂfg Hgff -\.-Jg{r \.Qf:'_‘ x}?},ﬁ
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Why run with v and v

P(V,) vs. P(v,) for sin’(26,,) = 1

0.09
NOvA
C]Am,,2| = 2.32 107 eV?
0.08 | sin“(28,,) = 0.095
| sin®(26,,) = 1.00
007 |
oY 006 | ®-
— : L: “..l‘
T i ||
. 005 |
T i Am?< 0 Q. :
0.04 | '
0.03 | Am’ >0
0.02 0 6=0
- ® 5=T/2
- O0d=1
001 F u §=3m/2
(]' i ) | ) ) | ) ) ) | | | ) | )
0 0.02 0.04 0.06 0.08

P(vﬁ — ve)
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16 Mass Hierarchy Resolution

10 and 20 contours for
2 example measurements

0.09 NOVA NOvA hierarchy resolution, 343 yr (V+V)
- Contours 3 yr v and 3 yr 7 sin“(20,,)=0.095, sin’(20,,)=1.00
0.08 |Am..2| = 2.32 10 eV? - : : : :
: sinz[ﬂﬁm} = 0.005 10k I R S
0.07 sin(26,,) = 1.00 E +OE
w £ =T T NERUUP SN AT VRN 1. WIS JPTINSOY RSN S (SRR RN ——. Y
= 0.06 3 L
> 2 25
T & r
" 0.05 | e e e A £ R Rt v
- e r
T — I i
S 215
B -
- [=]
0.03 | Z‘F;,'
- 5 1.0
&
002 o 3=0 E
® &=mn/? ) X | AEUISTOYSY. WRNPRSSUOY APPSR SRR SR SO T, SR T
o a =T i t"li_ :
0.01 _ ; S EEICA N PO
-a=3ﬂlr2 IIII.III:IIIII:IIII.IIIIiIIIlirll'}"l'lIi.l‘ll‘r'ln.":rili‘lllilIII
o L L . L L L D'D{} 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 ]
0 0.02 0.04 D.06 0.08 o/ (2m)
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17 0,, Non-maximal?

v,+v, Quasielastic CC Events 3 examp]e measurements
e 27— — ——
40} 18x107 POTvRun n — - 14 kton Fiducial 1o CL
% [ 18x10°POT¥Run | | | sin?(26,,) = 0.94 > 5@l 18x10”POTv 20 CL
s 14 kton Fiducial / U =P 0P POT Y Input Parameter |
301 f - o
S sin?(20,5) = 1 o 29 E
[QV - —_
~ 20 ~_ 2.4 s
2 | 5 1
g 10 — 23 -
LUl s | : 220, L LT
00 — ‘ll 5 3 0.8 0.85 0.9 0.95 1
- 2 9)
Energy (GeV) sin‘(2

Assumes 4% energy resolution
100% signal selection
100% background rejection
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18 0,, Octant Resolution

T2 12
P(v —v,) o« smn20  sin0,,

Depends on 6, > 45° or 0,, > 45°

1o and 20 contours for
1 example measurements _
Example NOvVA 1o and 26 contours, 343 yr (v+V)

Contours 3 yrv and 3 yr W MO A 14 sin3(2ﬂ|_1j={)_[l§r5, .uin:(ll&::}:ﬂﬂﬁ
|am,,2| = 2.32 10 eV* : : : f :

0.08 sin’(20,,) = 0.095
sin®(26,,) = 0.95

0.09

0.07 o
e 1.2
=" o.06 .
']‘ L1
< 005 | & F
|:_; f‘,; | n__ o e e e+ e e e e 1 e e e e o o e e e e e e o ot v e ]
Qe | =t o
A, o0.04 | « =
0.9— H
0.03 e, : : | | | : : o
{}.-S :-- S N . - - : H H !.'-
0.02 C | = é.m;::—() | | | § § ; |
0.7 — — Am <0 \ ............... ............... NN , .............. , .............. .............. , ..............
: + test point (NH) , : : : !
0'01 {}6_IIIIEIIFTOIIIIIIiIIIII|I|IEIIIIillllillllillllillll
"0 0.1 02 03 04 05 06 07 08 09 I
| &/ (2m)
° 9 0.08 -
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19

Summary

Construction Underway
Assembling Detectors

Upgrading Beam
First data Spring 2013

NOVA could potentially answer remaining neutrino questions:
What's the Mass Hierarchy?
What's 07
What's (0,,-45°)?

Gregory Pawloski — University of Minnesota
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